Abstract. The validity of electron tomography for imaging of high Z and low Z materials is evaluated using high aspect ratio VIAs and a DRAM as an example. The influence of the tiltrange on the 3D reconstruction is tested and it is shown that reliable 3D analysis is possible for up to 300 nm thick samples with a resolution of up to 1-2 nm.
INTRODUCTION
The continual shrinking of microelectronic devices has resulted in commercial products incorporating complex non-planar features with dimensions comparable to or smaller than the thickness of a typical TEM specimen. [1] [2] [3] As a result, defects related to production problems, strain or electro migration are becoming increasingly difficult to both image and accurately identify using conventional cross-section (S)TEM because of geometric blurring in the 2D projection. This limitation will become even more pronounced in the upcoming years as commercial products with even smaller structures enter the market. However, electron tomography is a promising solution to this problem as it offers a high-resolution 3-dimensional image of the volume of interest instead of a 2D projection. [1, 2, [4] [5] [6] [7] Previously, it has been shown that features with dimensions of 1-2 nm can be imaged in 3D. [1, 4, 6, 8] However, in order to routinely use electron tomography for defect analysis and 3D metrology, the validity, resolution and applicability of the method for semiconductor device characterization must be evaluated so that any limitations are understood.
In this paper, we evaluate whether the limited tilt-range used in electron tomography or the high atomic number differences present in many semiconductor applications affects the validity of the resulting 3D electron tomographic image. Using examples from the market place, we demonstrate that, with the appropriate imaging conditions, reliable high-resolution 3D imaging of regular TEM samples from IC devices is possible and that details such as buried defects and surface roughness can be visualized and 3D metrology can be performed.
EXPERIMENTAL

Sample Preparation
TEM cross-section samples were prepared by focused ion beam (FIB). A TEM lamella was typically thinned to a thickness of 100 to 300 nm by the ion beam and then lifted out and deposited on a carbon film with pre-adsorbed 10 nm gold particles.
Electron Tomography
Electron tomography data sets were acquired on a FEI Tecnai F20 ST using the XPlore3D Tomography Suite. Typically 130 micrographs with 1024 x 1024 or 2048 x 2048 pixels were acquired automatically over a tilt-range of ±75° using the Saxton scheme. The magnification typically corresponds to a pixel size of 0.25 -1 nm at the specimen level resulting in a total field of view of about 0.3 -2 µm.
Inspect3D or IMOD were used to align the tilt-series by cross-correlation followed by marker tracking to refine the relative image shifts, magnification, and tilt-axis orientation. In all cases, the residual error for the image alignment was less than 0.8 pixels.
The 3D volume was reconstructed using the simultaneous iterative reconstruction algorithm (SIRT) [9] implemented in Inspect3D with 25 iterations. The resulting volume was median filtered with a Kernel size of 3 and visualized by volume or surface rendering using Amira.
RESULTS AND DISCUSSION
Effect of missing wedge
Details of the barrier and copper seed layer in high-aspect ratio VIAs are becoming increasingly difficult to image using conventional (S)TEM 2D projections due to the shape of the VIAs being not necessarily round and to complex variations in the barrier and seed layer. Figure 1a shows an example of a regular 2D STEM projection of a VIA chain, where some larger copper particles are visible in one VIA. However, further details of the VIA structure only become visible in 3D. Figure 1b -d show how the overall shape of the VIAs and the thickness of the barrier layer changes. Especially towards the bottom of the VIA, the shape varies significantly from an ideal round geometry (Fig. 1b) . Furthermore, even for this low magnification reconstruction, some variations in the copper seed layer thickness and coverage are visible (Fig. 1c) . While 3D imaging dramatically improves the understanding of the VIA structure, the quality of the resulting tomographic reconstruction depends on the tilt-range used in the data acquisition. For example, with a tilt-range of only ±60° to ±65°, which is often used for electron tomography as the thickness increases with higher tilt-angles, significant artifacts due to the missing wedge are observed. In order to accurately image the overall structure of the VIA, it is essential to use a large tilt-range. As shown in Fig. 2 , a tilt-range of ±50° results in extreme streaking/artifacts in the 3D reconstruction, producing an artificial triangular shape for the upper/lower side of the VIA and strong features visible outside the actual TEM sample. For a ±65° tilt-range, these artifacts are already reduced, but the 3D reconstruction still exhibits both an artificial triangular shape for the upper/lower side of the VIA and a reduced intensity for the barrier layer. With a tilt-range of ±75°, these artifacts are even less apparent and are, in fact, becoming negligible with the exception of a slight distortion at the very upper/lower part of the VIA. The slight intensity changes due to the missing wedge are also responsible for the 'holes' in the surface rendering in Fig. 1d . At higher magnifications using a ±75° tilt-range, electron tomography reveals more details about the barrier layer thickness and the copper seed layer. In Fig. 3 , individual copper crystals are visible towards the bottom of the VIA, whereas the top of the VIA exhibits a much more continuous seed layer. Line profiles, as a simple approach for 3D metrology, indicate that the barrier layer thickness varies from 2 to 6 nm within a VIA. Furthermore, individual defects at the bottom of the VIA become visible in 3D. As these variations and defects are not visible in the standard 2D images, this VIA example clearly illustrates the potential of electron tomography to reliably image complex samples with nanometer features as long as a sufficiently large tilt-range is used. 
Imaging of high atomic number differences
While the previous VIA example with its high Z barrier and copper seed layer is an almost ideal object for electron tomography in terms of image contrast, a more common problem for IC devices is the characterization of various low Z materials in the vicinity of high Z materials. This is particularly challenging because of the combination of artifacts from the missing wedge and the finite tilt increment used for the tilt-series acquisition. As shown above in the VIA example, these artifacts are sufficiently small compared to the actual high Z information when using the appropriate imaging conditions. However, with the strong scattering strength differences of high and low Z materials, these small artifacts can become a hindrance to analyzing the low Z material. Nevertheless, it is still possible to image various low Z materials together with high Z materials using HAADF-STEM tomography as shown by Kübel et al. for a flash memory device [1] . However, for imaging very small differences between low Z materials, HAADF-STEM is still problematic as the signal difference between the materials is extremely small. For example, the overall structure of the DRAM device shown in Fig. 4 could be imaged in 3D by HAADF-STEM tomography (Fig 5) to reveal details such as larger holes in the tungsten plug and smaller holes in one of the tungsten silicides. However, in the 3D reconstruction, streaking due to the missing wedge is significant compared to the low Z signal and the scattering strength difference between the silicon oxynitride and silicon nitride is unfortunately not sufficient to resolve both materials in 3D. These slight atomic number differences can be better imaged in TEM mode, where the Z dependence of the signal (Z~0 .7 ) is more suitable compared to HAADF-STEM (Z~1 .7 ). However, in TEM mode, diffraction contrast is typically so strong that TEM tomography cannot normally be used for IC devices. However, for samples with limited crystalline areas such as the DRAM device shown in Fig. 4 , it was possible to obtain a high-quality 3D reconstruction using TEM tomography by working without objective apertures and using a small underfocus to minimize delocalization in the images.
The 3D reconstruction in TEM mode clearly reveals the low-Z structure of the DRAM (Fig. 4) with various silicon nitride and oxynitride layers imaged in the direct vicinity of the tungsten plug and the tungsten silicide. In fact, a ~1.5 nm silicon oxynitride layer could even be imaged in 3D next to an oxynitride region of a different composition (Fig. 5) . 
SUMMARY
Reliable imaging and 3D metrology of up to 300 nm thick semiconductor samples is possible with 1-2 nm resolution in 3D using electron tomography. Therefore, electron tomography can be routinely performed for semiconductors, especially for samples containing high atomic number materials. However, we have also demonstrated that it is possible to reliably image different low-Z materials close to high-Z domains as long as the sample does not contain too many crystalline areas.
